The simultaneous action of phosphofructokinase and fructose 1,6-diphosphatase constitutes a substrate cycle in which the net reaction is the hydrolysis of ATP. Since there are several cell types which contain both enzymes (Scrutton & Utter, 1968; Van To1 et al., 1972) , suggestions have been presented for a physiological and useful role of substrate cycles. These roles include, (a) control of metabolic flux, (b) the amplification of regulatory signals and (c) thermoregulation by controlled hydrolysis of ATP (Newsholme & Gevers, 1967; Newsholme et al., 1972) . These deductions are based primarily on theoretical grounds and an important requirement is to devise methods to assess accurately the activity of these cycles inside the cell. A further feature is that potentially these studies may lead to measurement of the activity of single enzymes within the complex environment of the cell.
The method for estimating the phosphofructokinase/fructose diphosphatase substrate cycles for predominantly glycolytic tissues depends on the metabolism of [U-14C, 5-3H]glucose by the cell (Scheme 1). The analysis relies upon the fact that [U-14C, 5-'H]fructose 1,6-diphosphate produced by phosphofructokinase will lose 'H to medium water if it is equilibrated with aldolase and triose phosphate isomerase to generate [U-14C]fructose 1,6-diphosphate. Conversion of [U-14C]fructose 1,6-diphosphate into fructose &phosphate by fructose l,&diphosphatase will result in a fall in the 'H/I4C ratio in fructose 6-phosphate (Bloxham et al., 1973) . Two measurements can be made in this system. First, the release of 'H20 gives an estimate of the total rate of fructose 6-phosphate phosphorylation and second, the fall in 'H/14C ratio in fructose 6-phosphate is proportional to the rate of substrate cycling (given by the activity of fructose 1,6-diphosphatase). The difference in these two rates should be equivalent to the net rate of glycolysis. The first system where this analytical procedure was tested was the flight muscle of Bombus a&is (Clark et al., 1973) . This is a unique system in that the muscle contains equal amounts of both phosphofructokinase and fructose 1,6-diphosphatase (0.66 k 0.16pkat/g and 0.75 k O.l8pkat/g respectively), and further, the fructose 1,6-diphosphatase is not subject to regulatory inhibition by AMP, although it is inhibited reversibly by CaZ+ (Newsholme et al., 1972; Clark et al., 1973) . The principal results obtained with the flight muscle of Bombus afinis were: (1) in flight, fructose 6-phosphate phosphorylation was maximal (10.4pmol/min per g) and substrate cycling was negligible; (2) at rest and low temperatures there was considerable fructose 6-phosphate phosphorylation. However, this was accompanied by a rapid fall in the 3H/14C ratio of fructose 6-phosphate, presumably due to substrate cycling. The fall in the 3H/14C ratio was inversely related to the ambient temperature. Taken together these results show that the activities of phosphofructokinase and fructose 1,6-diphosphatase can be controlled differentially, and suggests that under appropriate conditions the substrate cycle could be sufficiently active to play an important role in thermoregulation.
The technique discussed so far finds its major application in tissues (i.e. muscle) that are predominantly glycolytic. However, there is now great interest in evaluating the role of substrate cycles in liver preparations, where the predominant direction of metabolism lies towards gluconeogenesis Hue & Hers, 19746,b; Katz et al., 1975; Kneer et al., 1975; Rognstad et al., 1975) . We extended this analysis to liver preparations from genetically obese rats for several reasons. First, the liver from obese rats shows exceptionally high fatty acid synthesis, which might alter glucose metabolism either by enhanced requirements for carbon precursors derived from glucose or by enhanced NADPH requirement, which may affect the pentose phosphate pathway. Secondly, obesity may result from the inability to utilize excess of energy by increased
The initial positions of 3H and 14C are represented by T and respectively. Reactions are catalysed by: (1) phosphofructokinase; (2) aldolase; (3) triose phosphate isomerase; (4) Fructose 1,6diphosphatase.
metabolism and heat production through substrate cycling. Thirdly, flux through phosphofructokinase may serve as a control point for lipogenesis (Harris, 1975) .
Initial experiments showed that the concentration of phosphofructokinase and fructose 1,6-diphosphatase was similar in the liver from both lean and obese rats ( Table l) , suggesting that they have equal potential substrate-cycling activity. Hepatic fructose 1,6-diphosphatase activity was substantially higher than that of phosphofructokinase, which is consistent with the gluconeogenic role of the liver.
It is now worth questioning what the maximum rate of substrate cycling will be in liver. The simplest answer is that this rate will be dictated by the slowest step in the cycle and will represent the activity of phosphofructokinase in gluconeogenic tissues (26.7-83.3 nkat/min per g at 38°C). This ignores the possibility that phosphofructok i n a and fructose 1,6-diphosphatase might operate independently, since their pre- . This means that a-D-fructose 6-phosphate produced by fructose 1,6-diphosphatase will be a potentially better substrate for glucose 6-phosphate isomerase (Schray et ul., 1973) than it will be for phosphofructokinase. This would prevent phosphofructokinase from achieving its maximum activity. To investigate this point we measured substrate cycling in a cell-free system in which there was no change in the normal distribution of enzymes, although they were much more dilute than in vivo. These experiments were performed with the cytosolic fraction from the livers of obese rats on a chow diet. This preparation was chosen since it contains a substantial concentration of glucose 6-phosphate dehydrogenase, which is essential for the assay of fructose 1,6-diphosphatase activity. Assays were performed at 38°C in 1 ml of 50m~-Tris/HC1, pH 7.6, containing OAm~-fructose, 1,6-diphosphate, 4m~-MgCl,, O .~~M -N A D P + , 0.4rn~-ATP and 2 0~1 of liver cytosol, which contained 1.44nkat ofglucose 6-phosphate dehydrogenase, 2.72 nkat of glucose 6-phosphate isomerase and 0.05 nkat of phosphofructokinase. Fructose 1,6-diphosphatase activity was measured by following the fructose 1,6-diphosphate-stimulated reduction of NADP+, and was determined as 0.18nkat (1 nkat 3 1 nmol of substrate metabolized/s). If known amounts of phosphofructokinase are added to this system, the decrease in the rate of NADP+ reduction will be proportional to the substrate cycling. For the addition of 3.2, 6.4, 9.6 and 12.8nkat of phosphofructokinase, the rate of substrate cycling was 0.084, 0.15, 0.17 and 0.175 nmol/s respectively. Control experiments showed that the decrease in NADP+ reduction (or substrate cycling) was dependent on the simultaneous presence of both phosphofructokinase and MgATP. To divert all the fructose 6-phosphate generated by fructose 1,6-diphosphatase through phosphofructokinase, phosphofructokinase must then be present at around 70 times the fructose 1,6-diphosphatase concentration or 4.7 times the glucose 6-phosphate isomerase concentration. Since the normal hepatic ratio of phosphofructokinase/fructose 1,6-diphosphatase is around 0.3, and of phosphofructokinase/glucose 6-phosphate isomerase is around 0.02 then it seems likely that U-Dfructose 6-phosphate produced by fructose 1,6-diphosphatase will normally be channelled through glucose 6-phosphate isomerase rather than phosphofructokinase. The case for anomeric separation would be enhanced if anomerization was rate-limiting. This appears to be the case, since the turnover number of phosphofructokinase (1 1 700min-') and for fructose 1,6-diphosphatase (1370min-I) are considerably greater than the spontaneous rate of anomerization of fructose 6-phosphate (30min-I). The substrate cycle in Bombus a$% would operate most effectively if the fructose 1,6-diphosphatase from flight muscle was found to use 8-D-fructose 1,6-diphosphate preferentially. The previous experiment suggests that phosphofructokinase and fructose 1,6-diphosphatase may act separately in the cell rather than forming a unified substrate cycle. As a subsequent step in this analysis, we measured the maximum potential rates of fructose 6-phosphate phosphorylation and gluconeogenesis by using hepatocytes from lean and obese animals maintained on a variety of diets. These rates were related to those for fatty acid synthesis from glucose and lactate.
Fructose 6-phosphate phosphorylation was generally inversely proportional to gluconeogenesis (Table 1) . This was observed in hepatocytes from both lean and obese animals. The exception to this was hepatocytes from starvedlre-fed obese rats, which managed approximately equal rates of fructose 6-phosphate phosphorylation and gluconeogenesis. This corresponds to a system of high potential substrate cycling. Both gluconeogenesis and fructose 6-phosphate phosphorylation were substantially lower in hepatocytes from obese rats despite the fact that their content of fructose 1,6-diphosphatase and phosphofructokinase was similar to or greater than lean controls. This may be consistent with a less conventional role for phosphofructokinase in liver. Thus the pentose phosphate pathway is highly active in hepatocytes from obese animals, which is reflected in the increase in glucose 6-phosphate dehydrogenase activity and in lipogenesis ( Table 1) . Additional reactions related to the pentose phosphate pathway involve the generation of sedoheptulose 1,7-diphosphate (Williams & Clark, 1971 ). This may be carried out by phosphofructokinase, which phosphorylates sedoheptulose 7-phosphate almost as well as fructose 6-phosphate (Karadsheh et al., 1973) .
The low fructose 6-phosphate phosphorylation in hepatocytes from obese rats is not consistent with a role for phosphofructokinase in the net provision of substrate for fatty acid synthesis. This concept was extended by the observation that [U-'4C]glucose is not readily converted into fatty acids even when present at a concentration of 40mM. This means that external glucose is not converted by the liver in net amounts into lactate and subsequently into fatty acid. [U-14C]Glucose was converted into glyceride glycerol in substantial amounts and thus could be related to the observed fructose 6-phosphate phosphorylation.
Fructose 6-phosphate phosphorylation was proportional to fatty acid synthesis. Conditions that enhanced lipogenesis resulted in increased fructose 6-phosphate phosphorylation and decreased gluconeogenesis from [U-'4C]lactate for hepatocyte preparations from both lean and obese animals. Adding cyclic AMP to hepatocyte preparations from fat-free diet and chow-fed animals also decreased hepatic fatty acid synthesis and this was accompanied by a decrease in fructose 6-phosphate phosphorylation. This indicates that these two events may be linked. It appears that, for rat liver, flux through phosphofructokinase cannot be for the provision of net carbon precursors for fatty acid synthesis; however, it could regulate the pyruvateJlactate ratio, which could play a role in maintaining the rate of lipogenesis (Harris, 1975) . An alternative explanation is that apparent flux through fructose 6-phosphate phosphorylation reflects the activity of the pentose phosphate pathway which will be related to the activity of lipogenesis. The transfer of 3H from [l-3H]glucose to fatty acids (which proceeds predominantly via transfer to NADP+ at glucose 6-phosphate dehydrogenase) was also inhibited by cyclic AMP in hepatocyte preparations.
The present studies suggest that substrate cycling could occur, since active fructose 6-phosphate phosphorylation and fructose 1,6-diphosphatase (proportional to gluconeogenesis) were shown simultaneously. The conditions where these measurements are made are unphysiological since fructose 6-phosphate phosphorylation is measured when glucose is high and lactate is low. Also gluconeogenesis was assayed when lactate was high and glucose was low. Under physiological conditions rat liver is exposed to high concentrations of both. Since glucose inhibits net gluconeogenesis and lactate reduces flux through fructose 6-phosphate, it is possible that a complex pattern of metabolism is established. 
